The interactions established at the 5'-splice site during spliceosome assembly are likely to be important for both precise recognition of the upstream intron boundary and for positioning this site in the active center of the spliceosome. Definition of the RNA-RNA and the RNA-protein interactions at the 5' splice site would be facilitated by the use of a small substrate amenable to modification during chemical synthesis. We describe a trans-splicing reaction performed in Saccharomyces cerevisiae extracts in which the 5' splice site and the 3' splice site are on separate molecules. The RNA contributing the 5' splice site is only 20 nucleotides long and was synthesized chemically. The trans-splicing reaction is accurate and has the same sequence, ATP, and Mg2+ requirements as cis-splicing. We also report how deoxy substitutions around the 5'-splice site affect trans-splicing efficiency.
The recognition of the 5'-splice site (5'SS) and its positioning in the spliceosome active site appears to be a multistep reaction (for review, see refs. [1] [2] [3] [4] . At least three small nuclear RNAs (snRNAs) have been implicated in this process. Ul snRNA is required for the initial intron 5'-end recognition, which is accomphished primarily by Watson-Crick base pairing (5-7). Subsequently, U5 snRNA contributes to the recognition of the 3' end of the upstream exon, and this interaction also involves base-pairing interactions (8, 9) . Before the first step of the splicing reaction, the U6 snRNA displaces Ul at the 5'SS to establish an interaction important for 5'SS definition (10) (11) (12) (13) (14) (15) . A number of proteins have also been reported to interact with the 5'SS (for review, see ref. 4) . Many details of these RNA-RNA and RNA-protein interactions are not known. For example, although the first three bases of introns are completely conserved among the known intron sequences and have been placed in close proximity to A51 in U6 snRNA by crosslinking experiments (ref. 15 ; C.-H. Kim and J.N.A., unpublished results), it is not clear whether U6 specifically recognize these nucleotides. Knowledge of the precise geometry of the U5 and U6 snRNA interactions across the 5'SS could contribute substantially to our understanding of the first step of splicing by constraining the conformation of the substrate.
A small chemically synthesized 5'SS substrate would allow for easy RNA modifications. Introducing crosslinking derivatives at specific positions or changing the hydrogen-bonding potential or steric hindrance at particular sites would allow the probing of many features of the interactions formed at the 5'SS. Hall and Konarska (16) found that a small RNA oligonucleotide bearing the 5'SS consensus sequence can induce assembly of ribonucleoprotein complexes containing the U2, U4, U5, and U6 small nuclear ribonucleoproteins. Interestingly, the interaction between this short 5'SS and the spliceosomal RNAs appears to have many features in common with the interactions formed at the 5'SS during the splicing reaction (17, 18) . HeLa cell extracts can splice substrates in which the 5' and 3' splice sites are on separate RNA molecules (19) (20) (21) (22) (23) . In the trans-splicing reactions studied by Chiara and Reed
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (23) , the donor site molecules contained between 45 and 129 nucleotides of upstream exon sequence but product formation has been observed by these authors with as few as 4 nucleotides of intronic sequence at the 5'SS.
In the present report, we describe trans-splicing reactions performed in Saccharomyces cerevisiae crude extracts by using a short donor site molecule synthesized chemically. The splicing reaction is accurate, and this experimental system has allowed us to probe the role of all of the 2'-OH groups in consensus nucleotides at the 5'SS. nol-extracted and ethanol-precipitated. The isolated products were used as templates in primer-extension reactions with either one of the following DNA oligonucleotides: ActR2 (5'-ACATACCAGAACCGTTATCA-3') or ActR3 (5'-CT-AAACATATAATATAGCAAC-3'). The Moloney murine leukemia virus reverse transcriptase (Superscript, from BRL) was used according to manufacturer's instructions. The spliced exon product was amplified by PCR after the reverse transcription, using the oligonucleotides ActR and ActF (5'-CGCGCGGGATCCGGGATT-3') containing a BamHI site (underlined). Thirty-five amplification cycles were performed: denaturation for 1 min at 90°C, annealing for 1 min at 45°C, and elongation for 1 min at 72°C. Annealing conditions were changed during the course of the amplification: in the first 3 cycles, annealing was at 30°C for 1 min and for cycles 4-10, annealing was at 35°C for 1 min. The PCR product was digested with the restriction enzymes EcoRI and BamHI and ligated to a pUC19 plasmid vector. Five isolates were sequenced by using the ActR2 primer.
RESULTS
For the trans-splicing reaction, we used two RNA substrates.
RNA1, the first molecule, was synthesized chemically and consists of 10 nucleotides of exon sequence and 10 nucleotides of intron sequence containing the consensus sequence for the 5'SS. RNA2, the second molecule, is a fragment of the actin pre-mRNA containing the branch site, the 3SS, and the downstream exon (Fig. IA) (Fig.1B , lanes 5 and 6). The identity of the first nucleotide of the intron is also an important requirement: when, as 5'SS, RNA1/int was used, which contains a G --A mutation at the first intron nucleotide, product formation was abolished (Fig. lB, lane 3) . In contrast a double mutation in the exon sequence just upstream of the 5'SS did not interfere with the reaction (Fig. IB, lane 4) . These requirements are identical to those found in normal cissplicing reactions. Extending the 5' exon up to 30 nucleotides did not improve the reaction efficiency, but shortening the exon to 3 nucleotides failed to support splicing (data not shown).
To assess their identity, the individual products were purified from the denaturing gels and analyzed by reverse transcription using different 5'-end-labeled primers. The product labeled a in Fig. lB has the size expected for the ligated exons and primer extension with an oligonucleotide complementary to exon 2 supported this assignment (Fig. 2) . To confirm the identity of product a and examine the accuracy with which the two exons are spliced, product a was purified from the denaturing gel, reverse-transcribed with a primer complementary to exon 2, and amplified in a polymerase chain reaction (PCR) by adding a primer complementary to the first 5 bases of exon 1 present on RNAI. The PCR product was cloned and five clones were sequenced and found to be identical. Sequencing across the splice junction shows that the two exons are spliced accurately (Fig. 3) .
Based on electrophoretic mobility, product b is slightly larger than the linear intron sequence of RNA2, while products c and d are slightly smaller. In primer-extension experiments, RNA b gives the product predicted for the use of the normal branch site (Fig. 2) . Although less intense, a second band, 1 nucleotide longer, is also visible. These results indicate that product b is the branched intron generated in the splicing reaction and that branch site selection on RNA2 appears to be accurate. Also consistent with this conclusion is the lack of detectable extension products from a primer complementary to exon 2 (Fig. 2) ; furthermore, product b was not detected ,uM); 5, no ATP; 6, MgCl2 was omitted and 1 mM EDTA was added to the reaction mixture. Numbers on the side of the gels correspond to the mobility of size markers in bases.
when RNA2 was 3'-end-labeled but was detected when it was 5'-end-labeled (data not shown). Primer extension of RNA c gives the same products observed in the reaction with RNA b. Based both on the kinetics of formation of products c, d, and e and the results obtained with end-labeled substrates (data not shown), we believe RNAs c, d, and e represent degradation products of the branched intron.
We have investigated the dependence of the reaction rate on the RNA1 concentration. At the highest RNAI concentrations (3-7 ,tM), formation of the spliced exon products reaches a plateau after approximately 2 hours (Fig. 4) . The maximum amount of spliced product corresponds to about 6.5% of the labeled RNA2 substrate. The rate vs. time relation appears to be linear up to about 90 min of incubation. Therefore, product the results in an Eadie-Hofstee plot, we estimated the Km value for RNA1 to be 1.6 ,uM. The purpose of this estimate is not a detailed analysis of the kinetics parameters of the reaction but the definition of a range of RNA1 concentrations that are below saturation (see also Discussion). The effect of multiple and single 2'-deoxy substitutions at the 5'SS was then investigated. In these experiments, the amount of RNA1 used was 1.5 ,uM, slightly below the estimated Km; under these conditions, the assay is expected to be more sensitive to the effect of the deoxynucleotide substitutions. All of the modified substrates were still converted into products (Fig. 5) . 2'-Deoxy substitution at all the nucleotides in exon 1 reduces the efficiency of the reaction by about 70%. Similar results were observed 2'-deoxy substitution at all the nucleotides in the intron sequence at the 5'SS. Single substitutions from positions -3 to + 10 had smaller effects. A 2-fold reduction in trans-splicing efficiency was observed for 2'-deoxy 
DISCUSSION
Trans-splicing has been demonstrated in trypanosomes (for review, see ref. 25) , in nematodes (26) , and in plant organelles (27) . Mammalian extracts have also been reported to catalyze trans-splicing reactions provided a complementary sequence is present on the two substrates forming the 5' and 3' splice sites (19, 20) , an enhancer sequence is present in the molecule containing the 3' splice site (22, 23) , or the molecule containing the 3' splice site also has a 5'SS downstream of the exon sequence (23) . In addition, it has recently been shown that trans-splicing can be detected in cultured mammalian cells (28) . We have investigated the ability of yeast crude extracts to perform trans-splicing by using as a 5'SS substrate, a small RNA oligonucleotide. Short RNA oligonucleotides have been shown to form specific interactions with spliceosomal components in HeLa extract (16) (17) (18) We have estimated the Km value for the RNA1 substrate by titrating the RNA1 and measuring the change in reaction rate.
The crude estimate obtained (Km -1.6 ,uM) was a useful reference for the experiments in which the effect of modifications in RNA1 was studied, since saturating amounts of RNA1 may lead to underestimation of the effect of modifications. We tested the effect of 2'-deoxy substitutions around the 5'SS. By analogy with what has been observed in ribozymes, the 2'-OH group could play an important role by activating the neighboring 3-oxygen leaving group at the 5'SS (29) , by coordinating metal cations (30) , or by participating in RNA-RNA tertiary interactions (31, 32) . From our results, at all of the positions we have tested, the 2'-OH group is not an absolute requirement: all the multiple and single 2'-deoxy substitution were compatible with trans-splicing. However, small but reproducible effects were observed at some positions. Single 2'-deoxy substitution at positions -1 to +2 reduced the reaction efficiency by about 2-fold and a 3-fold reduction is observed by removing the 2'-OH at position +5. The effect of 2'-deoxy substitution at position -1 has previously been investigated in cis-splicing reactions by Moore and Sharp (33) , who reported absolutely no effect on in vitro splicing for the 2'-deoxy substitution at position -1. The slightly different result we have obtained is likely a consequence of the differences in the experimental system used: our experiments were performed under subsaturating 5'SS concentration that probably makes the assay more sensitive compared to the cis-splicing reaction used by Moore and Sharp (33) . It is also possible that the rate limiting step in yeast trans-splicing may be not the same as in mammalian cissplicing. The small effect we have observed for the 2'-OH group removal at position -1 supports the conclusion by Moore and Sharp (33) that this group is unlikely to play the crucial role in catalysis proposed for the 2'-OH group at -1 in the self splicing Tetrahymena ribozyme (29) . The small effects (2-to 3-fold) we have observed for the 2'-deoxy substitutions at positions -1, +1, +2, +3, and +5 have the magnitude expected for duplex destabilization by single deoxy substitution (34) ; if this is the case these substitutions may interfere with the trans-splicing reaction by destabilizing the duplex formed by the 5'SS with Ul and U6 snRNAs. However, we cannot completely rule out that at positions -1, +1, +2, +3, and +5, the 2'-OH group may be involved in tertiary interactions with other spliceosomal components.
